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Abstract 

The  irreversible  capacity  during  the  first  cycle  is  investigated  at  a  carbon  electrode  in  a  Li-ion  battery  in  1  M  LiPF6/EC:DEC  (ethylene 
carbonate:  1,2  diethyl  carbonate;  1:1  volume  ratio).  Solvent  decomposition  is  one  of  main  causes  of  the  initial  irreversible  capacity.  A  lithium 
phosphorus  oxynitride  (LiPON)  thin-hlm,  which  is  a  solid  ionic  conductor,  is  deposited  on  the  surface  of  the  carbon  electrode  by  means  of  a 
radio  frequency  magnetron  sputtering  system.  The  effect  of  the  LiPON  layer  is  examined  with  chronopotentiometry  and  cyclic  voltammetry, 
as  well  as  with  scanning  electron  microscopy  (SEM),  energy  dispersive  X-ray  analysis  (EDX),  and  X-ray  diffraction  (XRD).  The  deposition  of 
LiPON  on  the  surface  of  the  carbon  electrode  results  in  a  decrease  in  the  initial  irreversible  capacity  due  to  the  suppression  of  solvent 
decomposition  on  the  electrode  surface. 
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1.  Introduction 

Since  the  1980s,  there  has  been  increasing  interest  in 
lithium-carbon  insertion  compounds  for  use  as  materials  in 
negative  electrodes  (anodes)  in  Li-ion  batteries.  Carbon  has 
the  advantages  of  low  cost,  low  toxicity,  and  a  high  chemical 
stability,  compared  with  other  candidate  electrode  materials. 
Although  it  shows  a  highly  reversible  lithium  insertion 
reaction,  carbon  has  an  initial  irreversible  capacity  due  to 
side  reactions.  Typically,  these  reactions  involve:  (i)  solvent 
decomposition  at  the  electrode  surface;  (ii)  the  irreversible 
reaction  of  lithium-ions  with  functional  groups,  such  as 
carboxyl,  hydroxyl  and  carbon  hydride  on  the  carbon  sur¬ 
face;  (iii)  the  irreversible  insertion  of  lithium  into  carbon.  In 
particular,  (i)  and  (ii)  lead  to  the  formation  of  a  passivation 
film  or  solid  electrolyte  interface  (SEI)  on  the  carbon 
electrode  surface  [1-7].  Solvent  decomposition  is  not  simply 
a  reaction  on  the  carbon  surface,  but  a  complex  three- 
dimensional  problem  which  involves  solvent  co-intercala¬ 
tion  [8].  The  carbon  structure  is  destroyed  due  to  solvent 
co-intercalation  when  solvent  decomposition  occurs  on  the 
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electrode  surface.  A  number  of  investigations  have  exam¬ 
ined  the  mechanism  by  which  the  passivation  film  is  formed 
on  a  carbon  electrode  [1-7,9]. 

The  growth  and  properties  of  the  SEI  are  dependent  upon 
the  electrolyte  composition,  the  nature  of  the  impurities 
present,  and  the  additives  employed.  For  example,  the 
addition  of  S02  [10],  C02  [11-13],  or  inorganic  agents, 
such  as  Ni  and  Sn  [14,15],  has  been  found  to  favor  the 
deposition  of  passivation  films,  and  thus  prevent  the  reduc¬ 
tion  of  the  majority  of  the  components  in  the  electrolyte.  Our 
previous  work  [16]  reported  the  use  of  Li2C03  as  an  additive 
for  the  formation  of  a  passivation  film  on  the  carbon  surface 
to  suppress  the  initial  irreversible  capacity  associated  with 
solvent  decomposition. 

In  this  work,  the  deposition  of  lithium  phosphorus  oxyni¬ 
tride  (LiPON)  using  a  sputtering  method  is  examined  to 
reduce  the  extent  of  solvent  decomposition  and  solvent  co¬ 
intercalation.  LiPON  is  known  to  be  a  solid  electrolyte  since 
all-solid-state,  thin-film,  rechargeable  lithium  batteries  have 
been  fabricated  at  ORNL  [17].  The  stability  of  these  bat¬ 
teries  at  high  voltage  and  for  long  cycle  times  is  attributed  to 
the  electrochemical  stability  of  the  LiPON  films.  Thus, 
LiPON  might  function  as  a  stable,  protective,  solid  electro¬ 
lyte  interphase  film  on  the  surface  of  a  carbon  electrode.  The 
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effects  of  LiPON  deposition  on  a  carbon  electrode  surface 
are  examined  with  chronopotentiometry,  cyclic  voltamme¬ 
try,  scanning  electron  microscopy  (SEM),  energy  dispersive 
X-ray  analysis  (EDX),  and  X-ray  diffraction  (XRD). 

2.  Experimental 

A  Kawasaki  mesophase  fine  carbon  (KMFC)  electrode 
was  prepared  by  mixing  KMFC  powder  with  polyvinyldi- 
fluoride  (PVDF)  as  a  binder,  followed  by  pressing  or  on  to  a 
copper  foil.  After  vacuum  drying  at  120  °C  for  6  h,  the 
electrode  was  placed  in  a  three-electrode  cell  under  an 
atmosphere  of  argon.  A  thin-film  of  lithium  phosphorus 
oxynitride  (LiPON)  was  then  deposited  on  the  KMFC 
electrode  by  r.f.  sputtering  (13.56  MHz) — this  is  the  most 
popular  solid  electrolyte  material  for  use  in  thin-film 
rechargeable  batteries.  A  schematic  illustration  of  the  r.f. 
sputtering  equipment  used  for  the  LiPON  deposition  is  given 
in  Fig.  F  The  film  was  deposited  from  a  Li3P04  target  (Pure 
Tech  Chemistry)  using  N2  process  gas.  The  conditions 
involved  a  process  pressure  of  15  mTorr  N2  and  a  film 

o 

deposition  rate  of  1 3  A/min.  Lithium  metal  was  used  as 
both  the  counter  and  the  reference  electrodes.  The  reference 
electrode  was  sandwiched  between  a  square  KMFC  elec- 
trode  (1  cm  )  and  the  Li  counter  electrode,  and  was  sepa¬ 
rated  with  a  Celgard  polypropylene  separator.  The 
fabrication  was  performed  under  an  atmosphere  of  argon. 


Cycling  tests  for  the  KMFC  electrode  were  conducted  with  a 
WBCS3000  battery  cycler  system  (Won-A  Tech).  The  elec¬ 
trochemical  properties  of  the  passivation  film  on  the  KMFC 
were  investigated  using  an  organic  electrolyte  system.  High- 
purity  ethylene  carbonate  (EC,  99.99%)  and  1,2-diethyl 
carbonate  (DEC,  >99.99%)  (Mitsubishi  Chemical,  battery 
grade)  were  used  as  solvents  for  the  electrolyte  solution. 
Lithium  hexafluoro  phosphate,  LiPF6  (Morita  Chemical 
Industry)  was  used  as  the  electrolytic  salt. 

Chronopotentiometry  and  cyclic  voltammetry  were  used 
to  study  the  initial  irreversible  capacities  and  solvent  decom¬ 
position.  To  study  the  morphology  of  the  KMFC  anode  and 
the  LiPON-deposited  KMFC  anode,  SEM/EDX  analyses 
were  performed  on  samples  through  the  use  of  a  S-4700 
HITACHI  Scanning  Microscope  (NORAN  Instruments). 
The  working  voltage  was  set  at  20  kV,  and  the  working 
distance  of  the  lens  at  27  md.  XRD  measurements  (Rigaku 
D/max- 1200)  were  used  to  investigate  the  LiPON  structure. 
The  measurements  were  carried  out  at  room  temperature. 

3.  Results  and  discussion 

The  surface  morphologies  of  the  KMFC  electrode  were 
observed  by  SEM.  The  original  KMFC  electrode  surface 
was  measured  in  order  to  compare  with  the  LiPON-depos¬ 
ited  KMFC  electrode  surface.  The  original  KMFC  electrode 
surface,  on  which  carbon  beads  are  distributed  is  shown  in 


Fig.  1.  Schematic  illustration  of  r.f.  sputtering  equipment  for  preparation  of  LiPON  thin-film  on  KMFC  electrode. 
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Fig.  2.  Scanning  electron  micrographs  of  original  KMFC  electrode  surface  ((a)  750 x  and  (b)  5000 x),  LiPON-deposited  KMFC  electrode  surface  deposited 
by  sputtering  ((c)  750  x  and  (d)  5000 x),  and  LiPON-deposited  KMFC  electrode  surface  after  dipping  in  liquid  electrolyte  ((e)  750 x  and  (f)  5000 x). 


Fig.  2a  and  b.  The  diameter  of  the  KMFC  is  not  regular  for 
particle  sizes  under  20  pm.  After  r.f.  magnetron  sputtering  of 
the  Li3P04  target  in  N2  process  gas,  the  deposited  KMFC 
electrode  surface  was  investigated.  The  results  are  shown  in 
Fig.  2c  and  d.  The  surface  of  the  LiPON-deposited  KMFC 
electrode  has  a  clearly  different  surface  morphology  from 
the  original  electrode  one.  As  can  be  seen  in  Fig.  2c  and  d, 
fine  deposits  encapsulated  the  KMFC  beads.  Based  on 
previous  reports  [18-20],  particles  that  were  sputtered  from 
the  Li3P04  target  were  deposited  on  the  surface  of  substrate, 
to  form  a  lithium  phosphorus  oxynitride  (LiPON)  film.  After 
dipping  in  the  electrolyte  for  24  h,  the  surface  morphology 
of  the  LiPON  deposited  KMFC  electrode  was  investigated. 
The  results  are  shown  in  Fig.  2e  and  f.  Compared  with  the 


film  deposited  by  r.f.  sputtering  on  the  KMFC  beads,  the  film 
is  both  smoother  and  thicker.  This  can  be  attributed  to  the 
penetration  of  electrolyte  into  the  LiPON  deposited  film  of 
the  KMFC  electrode. 

EDX  data  for  the  original  KMFC  electrode  and  the 
LiPON-deposited  KMFC  electrode  are  given  in  Fig.  3. 
The  original  KMFC  electrode  (Fig.  3a)  shows  only  peaks 
corresponding  to  C  and  Cu.  The  origin  of  the  C  peak  is  the 
carbon  electrode,  while  that  of  the  Cu  peak  is  the  Cu  current 
collector.  Additional  N,  O  and  P  peaks  are  also  present  in  the 
EDX  data  of  the  LiPON-deposited  KMFC  electrode 
(Fig.  3b).  The  origin  of  the  N,  O  and  P  peaks  are  the  film 
formed  on  the  carbon  electrode  surface  by  sputtering.  The  O 
and  P  peaks  arise  from  the  Li3P04  target,  and  the  N  peak  is 
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Fig.  3.  EDX  data  for  (a)  original  KMFC  and  (b)  LiPON-deposited  KMFC  electrodes. 


clearly  derived  from  the  process  gas,  N2.  Therefore,  the  film 
deposited  using  the  above  method  is  clearly  LiPON,  as 
reported  in  previous  studies  [18-20]. 

XRD  analysis  was  performed  for  both  the  original  KMFC 
and  the  LiPON-deposited  KMFC  electrode  (Fig.  4).  From 
the  results,  (0  0  2)  peaks  corresponding  to  graphitic  carbon 
are  present  at  about  26°.  The  broad  region  of  enhanced  X-ray 
intensity  for  the  LiPON-deposited  KMFC  electrode  is  indi¬ 
cative  of  an  amorphous  phase,  which  is  believed  to  be 
amorphous  LiPON. 


The  voltage-capacity  profile  of  an  original  KMFC  elec¬ 
trode  at  a  low  rate  of  0.5  mA  cm-2  in  1  M  LiPF6/EC:DEC 
(1:1,  volume  ratio)  is  presented  in  Fig.  5a.  The  initial 
irreversible  capacity  is  about  120  mAh  g_1,  and  is  calcu¬ 
lated  by  subtracting  the  initial  de-intercalation  capacity  from 
the  initial  intercalation  capacity.  Voltage  plateau  are 
observed  at  about  2.2  and  0.8  V,  as  the  result  of  solvent 
decomposition  [21].  Below  0.5  V;  lithium  intercalation  into 
the  KMFC  electrode  is  the  predominant  process.  The  voltage- 
capacity  profile  of  the  LiPON-deposited  KMFC  electrode  is 
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Fig.  4.  XRD  results  for  (a)  original  KMFC  and  (b)  LiPON-deposited  KMFC  electrodes. 
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Fig.  5.  Voltage-capacity  profiles  for  (a)  original  KMFC  and  (b)  LiPON-deposited  KMFC  electrodes  in  1  M  LiPF6/EC:DEC  (1:1). 


given  in  Fig.  5b.  Its  initial  irreversible  capacity  is  decreased 
to  about  90  mAh  g_1.  The  profile  of  the  LiPON-deposited 
KMFC  electrode  is  clearly  different  from  that  of  the  original 
KMFC  electrode.  To  investigate  this  in  more  detail,  the 
profile  is  compared  with  the  initial  charge  curve  shown  in 
Fig.  6.  The  initial  charge  curve  of  the  original  KMFC 
electrode  decreases  at  a  slower  rate  from  the  open-circuit 
voltage  to  the  voltage  of  Li+  intercalation  into  KMFC  (under 
0.5  V)  compared  with  that  for  the  LiPON-deposited  KMFC 
electrode.  This  indicates  that  side  reactions,  such  as  solvent 
decomposition  are  suppressed  on  the  LiPON-deposited 
KMFC  electrode. 


Most  of  the  initial  irreversible  capacity  is  caused  by 
solvent  decomposition  on  the  carbon  electrode  surface 
and  irreversible  insertion  into  the  carbon  electrode.  The 
irreversible  reaction  of  lithium-ions  with  functional  groups 
on  the  carbon  surface  also  plays  a  role.  As  can  be  seen  in 
Fig.  6,  the  main  differences  between  the  original  KMFC 
electrode  and  the  LiPON-deposited  KMFC  electrode  are  the 
profile  at  the  voltage  range  from  the  open-circuit  voltage  to 
0.5  V  (versus  Li/Li+),  as  is  obvious  from  the  initial  inter¬ 
calation  curve.  According  to  our  previous  work  [16], 
the  irreversible  capacity  that  occurs  at  these  voltage  regions 
is  the  result  of  solvent  decomposition.  The  irreversible 
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Fig.  6.  Initial  charge  curves  for  original  KMFC  and  LiPON-deposited  KMFC  electrodes  in  1  M  LiPF6/EC:DEC  (1:1). 


capacity  of  the  original  KMFC  electrode  is  about 
30  mAh  g-1  in  this  region.  The  irreversible  capacity  of 
the  LiPON-deposited  KMFC  electrode  is  largely  decreased 
because  the  KMFC  electrode  surface  is  deposited  so  as  not  to 
be  in  direct  contact  with  the  electrolyte. 

Cyclic  voltammograms  for  the  original  KMFC  electrode 
and  the  LiPON-deposited  KMFC  electrode  in  1  M  LiPF6/ 
EC:DEC  (1:1)  are  shown  in  Fig.  7.  The  scan  rate  is  1  mV  s-1 


and  the  voltage  range  is  3-0  V  (versus  Li/Li+).  Solvent 
decomposition  is  identified  as  irreversible  cathodic  peaks  at 
about  2.2,  2.0  and  0.7  V  for  the  initial  intercalation  process 
(Fig.  7a).  The  reduction  of  solvent  is  irreversible,  and  the 
decomposition  of  DEC  and  EC  occurs  at  different  potentials. 
In  our  previous  work  [18],  cyclic  voltammograms  were 
measured  in  pure  DEC  and  pure  EC  dissolved  with  LiPF6 
to  obtain  precise  decomposition  potentials  for  DEC  and  EC. 


Fig.  7.  Cyclic  voltammograms  for  (a)  original  KMFC  and  (b)  LiPON-deposited  KMFC  electrodes  in  1  M  LiPF6/EC:DEC  (1:1). 


632 


K.-i.  Chung  et  al.  /  Journal  of  Power  Sources  112  (2002)  626-633 


Based  upon  those  results,  the  decomposition  of  pure  DEC 
occurs  at  2.2  and  2.0  V  (versus  Li/Li+)  and  the  decomposi¬ 
tion  of  pure  EC  at  0.7  V  (versus  Li/Li+).  It  is  reasonable  that 
the  decomposition  of  DEC  occurs  at  higher  potential  than 
that  of  EC  since  a  linear  carbonate  solvent  is  known  to  be 
less  stable  than  a  cyclic  carbonate,  such  as  EC.  In  addition, 
the  peak  at  about  2.7  V  may  be  due  to  the  irreversible 
reaction  of  lithium  ions  with  functional  groups  on  the  carbon 
surface,  or  the  effect  of  traces  of  water. 

The  suppression  of  solvent  decomposition  on  the  LiPON- 
deposited  KMFC  electrode  is  clearly  evident  in  the  cyclic 
voltammogram,  as  shown  in  Fig.  7b.  The  reduction  peaks 
due  to  EC  and  DEC  decomposition  nearly  disappear.  The 
LiPON-deposited  KMFC  electrode  was  prepared  so  as  not  to 
be  in  direct  contact  with  the  electrolyte  by  forming  an  SEI 
film  on  the  electrode  surface.  This  film  prevents  solvent 
decomposition  and  co-intercalation,  and  also  permits  the 
intercalation  of  Li+  into  the  KMFC  electrode  as  an  ionic 
conductor. 

Plots  of  —  dg/dV  versus  V  for  the  original  KMFC  elec¬ 
trode  and  the  LiPON-deposited  KMFC  electrode  are  given 
in  Fig.  8  and  demonstrate  the  difference  in  the  initial 
intercalation/de-intercalation  between  the  two  electrodes. 
The  initial  intercalation  peaks  appear  at  about  0.04  and 
0.03  V  (versus  Li/Li+),  and  the  de-intercalation  peaks  at 
about  0.12  and  0.14  V  (versus  Li/Li+).  These  peaks  are 
indicative  of  the  transition  of  carbon  when  Li+  ions  are 
intercalated  and  de-intercalated.  The  two  peaks  on  the  de¬ 
intercalation  curve  are  well  separated,  unlike  the  two  peaks 
on  the  intercalation  curve.  This  suggests  that  the  transition  of 
Li+  intercalation  into  the  KMFC  electrode  is  affected  by 
solvent  co-intercalation,  which  results  from  solvent  decom¬ 
position  occurs.  According  to  a  previous  report  [8],  solvent 


decomposition  is  not  a  simple  reaction  on  the  carbon  sur¬ 
face,  but  is  a  complex  three-dimensional  problem  that 
involves  solvent  co-intercalation.  Therefore,  the  stage  tran¬ 
sition  of  the  carbon  phase  is  affected  by  the  structural 
destruction  of  carbon  due  to  solvent  co-intercalation.  In 
the  case  of  the  LiPON-deposited  KMFC  electrode 
(Fig.  8b),  the  initial  intercalation  peaks  we  are  located  at 
about  0.07  and  0.04  V  (versus  Li/Li+),  and  the  de-intercala¬ 
tion  peaks  are  at  about  0.11  and  0. 14  V.  The  two  peaks  on  the 
intercalation  curve  are  well  separated  and  shifted  positively. 
The  initial  de-intercalation  peaks  are  shifted  negatively.  In 
other  words,  the  intercalation/de-intercalation  of  the 
LiPON-deposited  KMFC  electrode  is  easier  than  that  of 
the  original  KMFC  electrode.  These  results  can  be  explained 
by  assuming  that  the  SEI  film  formed  by  r.f.  sputtering  has 
properties  that  are  superior  to  a  SEI  film  formed  by  solvent 
decomposition.  The  pre-deposited  LiPON  film  on  the 
KMFC  electrode  suppresses  solvent  co-intercalation. 

4.  Conclusions 

The  initial  irreversible  capacity  is  decreased  by  the 
deposition  of  an  ionic  conducting  LiPON  on  an  KMFC 
electrode  surface.  The  irreversible  capacity  that  occurs 
between  the  open-circuit  voltage  and  0.5  V  (versus  Li/ 
Li+)  is  caused  mainly  by  the  decomposition  of  solvent  on 
the  original  KMFC  electrode  surface.  By  contrast,  the 
irreversible  capacity  of  the  LiPON-deposited  KMFC  elec¬ 
trode  is  largely  decreased  since  the  electrode  surface  has 
an  ionic  conducting  layer  and  is  therefore  not  in  direct 
contact  with  the  electrolyte  but  still  permits  the  intercala¬ 
tion  of  Li+  into  the  KMFC  electrode.  The  decrease  in 
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irreversible  capacity  is  caused  by  the  suppression  of 
solvent  decomposition,  as  confirmed  by  cyclic  voltamme¬ 
try.  Thus,  the  LiPON  film  deposited  by  sputtering  can 
inhibit  solvent  decomposition  in  a  Li-ion  battery.  More 
experiments  are  underway  to  evaluate  the  role  of  LiPON 
layer  in  detail. 
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